BRE, brain and reproductive organ-expressed protein, was found previously to bind the intracellular juxtamembrane domain of a ubiquitous death receptor, tumor necrosis factor receptor 1 (TNF-R1), and to downregulate TNF-␣-induced activation of NF-B. Here we show that BRE also binds to another death receptor, Fas, and upon overexpression conferred resistance to apoptosis induced by TNF-␣, anti-Fas agonist antibody, cycloheximide, and a variety of stress-related stimuli. However, down-regulation of the endogenous BRE by small interfering RNA increased apoptosis to TNF-␣, but nottoetoposide,indicatingthatthephysiologicalantiapoptotic role of this protein is specific to death receptormediated apoptosis. We further demonstrate that BRE mediates antiapoptosis by inhibiting the mitochondrial apoptotic machinery but without translocation to the mitochondria or nucleus or down-regulation of the cellular level of truncated Bid. Dissociation of BRE rapidly from TNF-R1, but not from Fas, upon receptor ligation suggests that this protein interacts with the death inducing signaling complex during apoptotic induction. Increased association of BREwith phosphorylated, sumoylated, and ubiquitinated proteins after death receptor stimulation was also detected. We conclude that in contrast to the truncated Bid that integrates mitochondrial apoptosis to death receptor-triggered apoptotic cascade, BRE inhibits the integration. We propose that BRE inhibits, by ubiquitination-like activity, components in or proximal to the death-inducing signaling complexes that are necessary for activation of the mitochondria.
Apoptosis plays an essential role in growth development, cellular homeostasis, and defense against abnormal cellular changes (1, 2). Cells receive external signals through surface death receptors, such as the widely expressed TNF-R1 1 and Fas (3, 4) , or internal stress signals, such as DNA damage (5), to undergo extrinsic or intrinsic pathway of apoptosis, respectively (6) . The extrinsic apoptosis involves formation of deathinducing signaling complex (DISC) and activation of the apical caspase-8, which in turn starts an activation cascade of executioner caspases to dismantle the cell (7) (8) (9) (10) (11) (12) . Intrinsic apoptosis involves release of pro-apoptotic factors from the intermembrane compartment of mitochondria mediated by Bcl-2 family members following cellular stress, to trigger both caspase-dependent and -independent apoptosis (13) (14) (15) . Although cellular apoptosis can occur by either pathway independently, these pathways are linked by tBid, which recruits the mitochondrial pro-apoptotic activities to death receptor-mediated apoptosis (16, 17) . In reverse, Smac/DIABLO released from the mitochondria is needed to promote activation of caspase-8 in the DISC generated by TNF-R1 activation (18) . Cross-talk between the two pathways has been shown to be essential to death receptormediated apoptosis in some cell types (18 -21) .
Death receptor-mediated apoptosis is regulated by intracellular proteins that include TRAFs, inhibitors of apoptosis, and c-FLIP, induction of some of which are NF-B-dependent (22) (23) (24) . By yeast two-hybrid screens, the anti-apoptotic proteins SODD and SUMO-1 that bind to the death domain (DD) of death receptors were identified (25, 26) . The same approach also resulted in identification of BRE as a binding protein of TNF-R1 (27) . BRE is a highly conserved and widely expressed putative stress-modulating gene (28 -30) . However, distinctly unlike SODD and SUMO-1, BRE binds to the juxtamembrane cytoplasmic region of the receptor. Whereas DDs are known to recruit adaptor molecules for signal transduction (31, 32) , function of the membrane-proximal cytoplasmic region has not been clearly elucidated, although it may be involved in NO synthase induction (32) . Overexpression of this protein by transfection was shown to down-modulate TNF-␣-induced activation of the anti-apoptotic NF-B (27) . This indicated that BRE could promote apoptosis. Alternatively, BRE might function like SODD to block TNF-R1 signaling at the very proximal end, thus inhibiting both NF-B and apoptotic pathways (26) . Here we sought to determine whether BRE has a pro-or anti-apoptotic role in the death receptor pathway, and by what mechanism apoptosis is regulated by this protein.
EXPERIMENTAL PROCEDURES
Reagents-Antibodies (clone or code number) and reagents were purchased from the following sources: rabbit polyclonal anti-TNF-R1 and anti-ubiquitin antibodies (Calbiochem); rabbit polyclonal anti-Fas (C-20), anti-TRADD (H-278), and mouse monoclonal anti-SUMO-1 (D-11) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-GAPDH (9.B.88) and anti-␤-actin (2A2.1) antibodies (U. S. Biological, Swampscott, MA); mouse monoclonal anti-Fas (13), anti-G28, and anti-BiP antibodies (Transduction Laboratories); mouse monoclonal anti-Fas (DX2), anti-cytochrome c (7H8.2C12), rat monoclonal anti-TGF (A75-2.1), rabbit polyclonal anti-BID, and anticaspase-8 (poly-1326) antibodies (Pharmingen); rabbit polyclonal anticleaved caspase-3, anti-cleaved caspase-9, anti-PARP, and mouse monoclonal anti-caspase-8 (1C12) antibodies (Cell Signaling Technology, Beverly, MA); mouse monoclonal anti-Fas IgM antibody (CH11), anti-Smac/DIABLO (78-1-118), and anti-histone H1 (AE-4) antibodies (Upstate Biotechnology, Inc.); rabbit polyclonal anti-pan-phosphoprotein and mouse monoclonal anti-␤-tubulin (2-28-33) antibodies (Zymed Laboratories Inc.); rabbit polyclonal anti-catalase antibody (Abcam Ltd., Cambridge, UK); mouse monoclonal anti-prohibitin (Ab-1) antibody (Lab Vision Corp., Fremont, CA); mouse monoclonal anti-TNF-R1 antibodies (16803) with and without FITC conjugation, and goat anti-TNF-R1 affinity-purified polyclonal antibody (R&D Systems, Minneapolis, MN); mouse monoclonal anti-V5 antibody and the horseradish peroxidase (HRP) conjugate (Invitrogen); HRP-conjugated anti-rabbit Ig secondary antibody (Promega, Madison, WI); FITC-conjugated antirabbit, anti-mouse, HRP-conjugated anti-mouse Ig secondary antibodies, and protease inhibitors mixture (Sigma); human recombinant TNF-␣ (Invitrogen); -protein phosphatase (New England Biolabs, Beverly, MA); GS-BRE (ResGen GeneStorm® Clone for accession number L38616), GS alone expression vector, G418, Zeocin, and Lipofectamine 2000 (Invitrogen).
Establishment of Stable Transfectants-HeLa D122 cells were transfected with 3 g of full-length BRE cloned into pcDNA3.1 expression vector or GS-BRE by Lipofectamine 2000. HeLa-stable transfectants of BRE or GS-BRE were selected for 2 weeks by 2 mg/ml G418 (Invitrogen) or 400 g/ml Zeocin (Invitrogen), respectively, before being subjected to cloning by limiting dilution. D122 stable transfectants of BRE was likewise obtained, but the concentration of G418 used was 600 g/ml. Jurkat A3 cells were transfected with 10 g of BglII-linearized GS-BRE by electroporation using Bio-Rad gene pulsar (1.6 kV at 25 microfarads) and selected for 2 weeks by 50 g/ml Zeocin before cloning.
Annexin-V Apoptosis Assay-Cells were treated with various death stimuli for the indicated time. Apoptosis as indicated by phosphatidylserine exposure was detected using annexin V-FITC apoptosis detection kit (Pharmingen) or TACS TM annexin V-FITC apoptosis detection kit (Trevigen, Gaithersburg, MD), according to the manufacturer's manual. Flow analysis was conducted using BD Biosciences FACSCalibur flow FIG. 1. Overexpression of BRE down-modulates apoptosis induced by TNF-␣ in the presence of cycloheximide or by cycloheximide alone. A, D122-p3BRE-a4 and -a6 are two D122 stable transfectants expressing full-length human BRE under the control of cytomegalovirus promoter of pcDNA3. Untransfected D122 and a stable transfectant clone of pcDNA3 vector only, D122-pcDNA3-A, are negative controls. Apoptosis was induced by treatment with 20 ng/ml TNF-␣ and 5 g/ml cycloheximide at indicated time points. Expression levels of the transfected BRE gene was estimated by semi-quantitative RT-PCR, with GAPDH as control for mRNA input. B, HeLa-p3BRE-H5 and -H6 are two HeLa stable transfectants of the same BRE expression construct as in A. Apoptosis was induced by treatment with 100 ng/ml TNF-␣ and 10 g/ml cycloheximide at indicated time points. C, GS3, -4, and -6 and NHGS2 and NHGS3 are the HeLa stable transfectants expressing GS-BRE. Apoptosis was induced as in B. GS-BRE levels in the transfectants were analyzed by Western blotting using an anti-V5 monoclonal antibody with anti-␤-actin antibody to visualize protein loading. D and E, GSB1 and -2 are two Jurkat stable transfectants expressing GS-BRE. Cells were either untreated or treated with 0.1 or 10 g/ml cycloheximide (CHX) alone, with or without 100 ng/ml of TNF-␣, or 100 ng/ml TNF-␣ alone for 18 h. Anti-GAPDH antibody in Western blotting analysis was for visualizing protein loading. Percentage of cell viability was determined by flow cytometry in conjunction with annexin V-FITC apoptosis detection kit (Pharmingen). cytometer and CellQuest software. All time points were measured in triplicate, and results were expressed as mean Ϯ S.E. of multiple (Ն3) independent experiments.
Preparation and Transfection of siRNA-Two BRE-specific siRNA, Si1 and Si3, corresponding to TCTGGCTGCACATCATTGA (nucleotides 124 -142, nucleotide position number 1 being the start of the initiation codon), and CTGGACTGGTGAATTTTCA (nucleotides 491-509), respectively, were custom designed by and purchased from Qiagen (Valencia, CA). A ready-made ␤-actin siRNA corresponding to TGAA-GATCAAGATCATTGC was directly purchased from Qiagen. siRNA was transfected at 150 nM using Lipofectamine 2000 according to the manufacturer's protocol. At 48 h after the first transfection, a second and third round of transfection with the same siRNA were performed with an interval of 48 h.
Semi-quantitative RT-PCR-Total RNA from cells was prepared by RNeasy mini kit (Qiagen), treated with DNase I (amplification grade) (Invitrogen), and reverse-transcribed using oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Invitrogen) as primer. All PCRs were carried out in a 25-l reaction volume containing 1 unit of AmpliTaq Gold (PerkinElmer Life Sciences), 0.2 mM dNTP, 2 mM MgCl 2 and 1ϫ AmpliTaq Gold buffer. For amplification of the ectopically expressed BRE, 28 -30 cycles at the annealing temperature of 52.4°C using the forward primer, T7 (5Ј-TAA TAC GAC TCA CTA TAG GG), and reverse primer 1179L18 (5Ј-CAT CTG GGG CTG TAC GGA), were performed. For the endogenous BRE, 26 cycles at an annealing temperature of 57.7°C were performed with 1093U18 (5Ј-CCT CGA GAC CAG CCA ACT) and 1650L18 (5Ј-AGT GAA GGG CTC TAG GAT) as the forward and reverse primers, respectively. Clontech primers, forward (5Ј-ACC ACA GTC CAT GCC ATC AC) and reverse G3PDH3 (5Ј-TCC ACC ACC CTG TTG CTG TA) were used for 16 cycles at annealing temperature of 61.9°C for amplifying GAPDH.
Immunoprecipitation and Western Blotting-HeLa cells (1 ϫ 10 6 ) at 48 h after transient transfection with 3 g of GS-BRE, GS-BRE (⌬His 6 ), or V5-BRE using Lipofectamine 2000 (Invitrogen), or the same number of the HeLa stable GS-BRE transfectant, NHGS2, at various time points after treatment with TNF-␣ or anti-Fas agonist antibody (CH11) were lysed in 200 l of lysis buffer (50 mM NaCl, 20 mM Tris, pH 7.6, 1% Nonidet P-40, 1ϫ protease inhibitor mixture) for 1 h. The lysates were cleared by centrifugation at 16,000 ϫ g at 4°C for 10 min. Crude protein concentration was measured by BCA protein assay kit (Pierce). Two hundred g of total protein of each sample was transferred to a new microcentrifuge tube, and immunoprecipitation was performed with 2 g of the indicated antibodies and 50 l of protein-G slurry for overnight incubation. Ten l of the precipitated materials were subjected to Western blot analysis with the indicated antibodies. Primary antibody was incubated with the membrane in the dilution recommended by the manufacturer. The bound primary antibody was visualized with HRPconjugated secondary antibody using Lumingen™ PS-3 detection reagent (Amersham Biosciences) with exposure to x-ray film (Kodak).
-Phosphatase Treatment-2 ϫ 10 6 HeLa cells at 48 h after transient transfection with GS-BRE were lysed in 500 l of lysis buffer containing 1% Nonidet P-40, 20 l of 10ϫ reaction buffer, 20 l of 10ϫ MnCl 2 (20 mM). For each 155 l of lysate, 5 l of -protein phosphatase (2,000 units) was added with or without 1 mM sodium vanadate for incubation at 30°C for 60 min. Reaction was stopped by cooling on ice, and the samples were then subjected to immunoprecipitation by anti-pan-phosphoprotein antibody and Western blotting analysis as above.
Subcellular Fractionation-For preparation of the nuclear fraction, 1 ϫ 10 7 cells were required using the nuclear/cytosol fractionation kit in accordance with the manufacturer's protocol (BioVision, Inc., Mountain View, CA). For the preparation of cytosolic, microsomal, and mitochondrial fractions, 1 ϫ 10 8 cells were required using digitonin lysis buffer (20 mM Hepes, pH 7.4, 250 mM sucrose, 0.05% digitonin, 1 mM EDTA, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol, and protease inhibitors mixture). Nuclei and unbroken cells were removed by centrifugation at 700 ϫ g for 3 min. The supernatant was further centrifuged at 13,000 ϫ g for 2 min to pellet the mitochondria. The remaining supernatant was further centrifuged at 100,000 ϫ g for 1 h to pellet the microsomes, leaving the supernatant as the cytosolic fraction. The mitochondrial and microsomal pellets were subsequently lysed in 1% Nonidet P-40 lysis buffer.
RESULTS

Reduction of TNF-␣ and Cycloheximide Apoptosis by BRE
Overexpression-To determine the effect of BRE on TNF-␣-induced apoptosis, three cell lines, D122 mouse Lewis lung carcinoma (33), HeLa human cervical carcinoma, and Jurkat A3 human acute T cell leukemia subclone selected for high sensitivity to anti-Fas agonist antibody (34), were stably transfected with human BRE expression constructs and subjected to treatment with TNF-␣ in the presence of cycloheximide. Overexpression of BRE (Fig. 1, A and B) or GS-BRE, a C-terminally His 6 -and V5-tagged form of BRE (Fig. 1C) , partially suppressed TNF-␣-induced apoptosis in D122 and HeLa cell lines. The V5 epitope of GS-BRE allows protein expression to be detected in the transfectants using an anti-V5 monoclonal antibody. Although a rabbit polyclonal antibody with specificity to BRE was reported previously (35), we were not able to confirm such specificity by using siRNA to guide identification of the BRE target band in immunoblotting. For the cycloheximidesensitive Jurkat cells (36, 37) , stable transfection with GS-BRE, as shown by GSB1 and GSB2, reduced the apoptosis induced by a low dose of cycloheximide at 0.1 g/ml (Fig. 1D ) and also at a higher dose of 10 g/ml (Fig. 1E) , used in sensitizing HeLa to TNF-␣-induced apoptosis. Combining TNF-␣ with the low dose of cycloheximide increased apoptosis of the Jurkat cells, but the transfectant GSB2 remained more resistant to apoptosis than the parent and empty vector controls. GSB1, which expressed a lower level of GS-BRE, was no longer resistant (Fig. 1D) .
Promotion of TNF-␣-induced Apoptosis by Down-regulation of BRE-To determine whether BRE at its endogenous expression level has any anti-apoptotic effect to TNF-␣, endogenous BRE expression in HeLa was down-regulated by siRNA. As shown in Fig. 2, A and B, two BRE siRNAs, Si1 and Si3, were found to suppress significantly both the GS-BRE protein expression in NHGS2 (the HeLa stable transfectant shown above in Fig. 1C with the highest expression level of GS-BRE), and the endogenous BRE transcript levels in NHGS2 and the parent HeLa. Si3 was more effective than Si1. As expected, the minor BRE transcripts, ␣b and ␣c (29), were also suppressed. As shown in Fig. 2C , down-regulation of BRE in HeLa and BRE and GS-BRE in NHGS2 by Si3 increased susceptibility of the cells to TNF-␣-induced apoptosis at 8 and 16 h of the cytokine treatment. Si1 and the ␤-actin siRNA (as negative control) had no effect compared with the mock transfection. Interestingly, the basal cell survival (without TNF-␣ treatment) was not affected by Si3 treatment. Thus, BRE has a physiological role in inhibiting TNF-␣-induced apoptosis.
Reduction of Apoptosis Induced by Fas and Stress-related Stimuli by
Overexpression of BRE-Despite the failure of BRE to bind the intracellular region of Fas as reported (27) , the effect of BRE overexpression in the Fas-sensitive Jurkat A3 cells in response to the anti-Fas agonist antibody, CH11, was tested. To our surprise, apoptotic response was attenuated in 4 of the 5 Jurkat A3 GS-BRE stable transfectants tested in approximate correlation with the GS-BRE expression levels. As with the apoptotic responses to cycloheximide and TNF-␣, GSB2 was more resistant than GSB1, which in turn was more resistant than the untransfected and empty vector controls (Fig. 3A) .
The anti-apoptotic effect of BRE overexpression to the stressrelated stimuli was also shown by GSB1 and -2 (Fig. 3B) . To all three stimuli, 4-nitroquinoline-1-oxide (DNA-damaging agent), etoposide (topoisomerase II inhibitor), and staurosporine (broad spectrum protein kinase inhibitor), GSB2 was again more resistant than GSB1, the untransfected and empty vector control cells. Down-regulation of the endogenous BRE in HeLa by the siRNA, Si3, however, resulted in, at best, only a marginal increase of apoptosis to etoposide at 24 h of treatment (Fig. 3C ). This indicates that BRE at its endogenous expression level has little, if any, modulatory effect on apoptosis induced by stress stimulation. This is in contrast with the clear downmodulatory effect of the endogenous BRE on TNF-␣-induced apoptosis in HeLa shown above in Fig. 2 .
In summary, the findings above show that BRE, when overexpressed, can impart cross-resistance to apoptosis induced by TNF-␣, cycloheximide, anti-Fas agonist antibody, and stress stimuli in a linked manner. However, the physiological anti-apoptotic role of BRE is likely restricted to the death receptors.
Association of BRE with Fas-The ability of BRE in reducing apoptotic response to both TNF-␣ and Fas prompted us to reappraise the interaction between BRE and Fas. HeLa cells transiently transfected with GS-BRE were used in co-immunoprecipitation experiments to determine whether the endogenous TNF-R1 and Fas could be pulled down together by the anti-V5 monoclonal antibody that binds the V5 tag at the C terminus of GS-BRE. As extended from the previously reported work showing co-precipitation of the ectopically expressed recombinant TNF-R1 and BRE (27) , endogenous TNF-R1 was found co-immunoprecipitated with GS-BRE (Fig. 4A, lane 1) . The same result was obtained by using HeLa transiently transfected with a BRE construct encoding a BRE protein tagged at the N terminus with the V5 epitope, V5-BRE (Fig. 4A, lane 2) . Likewise, when anti-TNF-R1 antibody was used to immunoprecipitate the endogenous TNF-R1 of the GS-BRE-transfected cells, GS-BRE was co-immunoprecipitated (Fig. 4B, lane 2) . As with the TNF-R1, endogenous Fas was also co-immunoprecipitated with the GS-BRE using anti-V5 antibody (Fig. 4C, lane  1) . In reverse, GS-BRE was co-immunoprecipitated with the endogenous Fas by two different anti-Fas antibodies (Fig. 4, D,  lanes 2 and 3, and B, lane 3) . Thus, our data not only confirm Overexpression of BRE inhibits mitochondria-dependent apoptotic pathway. Jurkat (J) and its stable GS-BRE transfectant GSB2 (GS) were treated with 20 ng/ml CH11 (A) or 68 M etoposide (B), and HeLa (H) and its stable transfectant, NHGS2 (N2) were treated with TNF-␣ (20 ng/ml) in the presence of cycloheximide (10 g/ml) (C). Processing of caspase-8, -9, -3, Bid, and PARP was detected in total cell lysates by Western blotting analysis. Detection of cytochrome c and Smac/DIABLO was done in the cytosol. Mitochondrial fraction was also detected in A. Antibodies to ␤-tubulin and prohibitin are cytosolic and mitochondrial markers, respectively. compassing the extrinsic and intrinsic apoptotic pathways in the 8-h time course studies were determined. In the Fas-mediated apoptosis of Jurkat transfectant GSB2 (GS), cleavage of caspase-8 and Bid was similar to that of the parent Jurkat cells. However, the mitochondria-dependent events were attenuated to different degrees, with the reduction in the cleavage of caspase-9 being the most remarkable, and the cytosolic release of Smac/DIABLO and cytochrome c being the least, and intermediate, respectively. Cleavage of the main executioner caspase-3 and substrate, PARP, was also mildly attenuated (Fig. 5A) . These findings localize the inhibitory action of BRE to a downstream position of tBid.
For the treatment of GSB2 with etoposide, all of the apoptotic events including the cleavage of caspase-8, caspase-9, Bid, caspase-3, and PARP, as well as the mitochondrial release of cytochrome c, Smac/DIABLO were either blocked or markedly delayed compared with the parent Jurkat in the 8-h time course study (Fig. 5B) . This broad inhibition of all the apoptotic events is consistent with the block of the mitochondria-dependent apoptotic pathway, with cleavage of caspase-8 and Bid being secondary to activation of the etoposide-induced mitochondrial events (38, 39) . The same broad inhibition of all the apoptotic events in the HeLa stable transfectant NHGS2 (N2) treated with TNF-␣ was also observed (Fig. 5C ). This pattern is expected from a block at the mitochondria, which are involved in both the early receptor-proximal caspase-8 activation and later amplification of the receptor-initiated apoptotic signal in the TNF-␣-treated HeLa cells (18, 40) .
Dissociation of BRE from TNF-R1, but Not Fas, upon
Receptor Ligation-To understand how BRE, a death-receptor associated protein, could exert its anti-apoptotic effect at the distal mitochondrial events, association of BRE with TNF-R1 at different time points after treatment with TNF-␣ was investigated by co-immunoprecipitation experiments using the HeLa stable transfectant NHGS2. Within 2 min after TNF-␣ treatment, co-immunoprecipitation of GS-BRE with TNF-R1 became virtually undetectable. Simultaneously, association of TRADD with TNF-R1 was observed. Unlike SODD which reassociates with the TNF-R1 at 10 min after the receptor activation (26) , no re-association of GS-BRE with TNF-R1 was found throughout the 1-h time course. As no reduction of GS-BRE in the total cell lysate was found in the same period, degradation of the cellular GS-BRE is unlikely the cause (Fig.  6A ). This finding thus indicates that BRE dissociates from TNF-R1 early in the receptor signaling. In contrast, treatment of the same transfectant with anti-Fas agonist antibody, CH11, in the same time course did not lead to dissociation of GS-BRE from the DISC (Fig. 6B) . GSB2, a Jurkat GS-BRE transfectant used above for all the experiments involving Fas, was not selected for study in this experiment, as this CD95 type II cell type produces too little DISC for detection with the conventional immunoprecipitation approach (19) . The difference between TNF-R1 and Fas in association with GS-BRE during receptor activation could reflect their distinctly different initial ways in forming DISC. Unlike Fas, activated TNF-R1 does not form DISC directly; instead DISC is formed after the initial signaling complex has detached from the receptor (41). Thus, it is possible that BRE upon receptor activation interacts with DISC.
Association of BRE with Phosphorylated, Sumoylated, and Ubiquitinated Proteins after Death Receptor StimulationPhosphorylation, ubiquitination, and sumoylation are important post-translational modifications involved in the regulation of apoptosis (42) (43) (44) . To investigate whether BRE might interact with proteins modified by any of the above mechanisms after death receptor stimulation, NHGS2 cells were treated with TNF-␣ or CH11 for 2 h, and the association of GS-BRE with phosphorylated, sumoylated, and ubiquitinated proteins was analyzed by co-immunoprecipitation using antibodies specific to these modifications. As shown in Fig. 7A, lanes 1-3 , co-immunoprecipitation of GS-BRE with phosphorylated proteins was enhanced after death receptor stimulation. Enhancement of GS-BRE co-immunoprecipitation was more dramatic with the sumoylated and ubiquitinated proteins, as only little if any GS-BRE could be detected in the immunoprecipitates if the cells were not stimulated (Fig. 7A, lanes 4 -9) . No change was observed in SDS-PAGE mobility of GS-BRE in all three coimmunoprecipitation experiments, indicating that the protein was not itself modified by any of the three mechanisms.
To ascertain the specificity of the association between BRE and phosphorylated proteins in the co-immunoprecipitation experiment, cell lysate with GS-BRE was pretreated with -phosphatase with or without the phosphatase inhibitor, sodium vanadate, before being subjected to immunoprecipitation by the anti-pan-phosphoprotein antibody. Removal of phosphate from proteins resulted in no co-precipitation of GS-BRE (Fig. 7B, lane 2) . With no pretreatment or with phosphatase treatment in the presence of sodium vanadate, GS-BRE was co-precipitated (Fig. 7B, lanes 1 and 3) . These data validate the specific association of BRE with phosphorylated proteins in co-immunoprecipitation.
Subcellular Localization of BRE-Subcellular fractionation of GSB2 revealed co-enrichment of GS-BRE with the cytosol FIG. 6 . BRE dissociates from TNF-R1, but not from Fas, upon receptor ligation. NHGS2 was treated with 100 ng/ml TNF-␣ (A) or 200 ng/ml CH11 (B). At the indicated time points, cell lysates of A were subjected to immunoprecipitation (IP) by mouse monoclonal anti-TNF-R1 antibody (clone 16803, R&D Systems), and the precipitates were immunoblotted with anti-V5-HRP, rabbit anti-TRADD, and TNF-R1 polyclonal antibodies. The same result was obtained by using a goat anti-TNF-R1 affinity-purified polyclonal antibody (R&D Systems) for immunoprecipitation. Cell lysates of B were subjected to immunoprecipitation by monoclonal anti-Fas (DX2) antibody, and the precipitates were immunoblotted with anti-V5-HRP, anti-caspase-8, and Fas (C20) antibodies. Immunoprecipitation by anti-GAPDH antibody is the negative control. All the cell lysates were also immunoblotted directly with anti-V5-HRP for GS-BRE to ensure similar amount of starting proteins for immunoprecipitation and to show no degradation of GS-BRE during the time course study. and, to a lesser extent, nuclei but not at all with mitochondria (Fig. 8A) . During apoptotic induction by etoposide, the GS-BRE in GSB2 did not translocate to mitochondria (Fig. 8B) . To show that the C-terminal V5 and His 6 tags in GS-BRE did not alter subcellular localization of the BRE protein, the endogenous BRE in subcellular fractions was immunoblotted with a mouse anti-BRE serum raised against the recombinant BRE protein.
As shown in Fig. 9A , the mouse antiserum recognizes a band that can be knocked down by the BRE-specific siRNA, Si3, and has a size consistent with the predicted 44 kDa of BRE. As expected, the mouse serum also recognizes the ectopically expressed GS-BRE in GSB2. However, five nonspecific bands, *1-*5, not affected by Si3 were also stained by the serum. Subcellular fractionation of Jurkat cells before and after apoptotic induction by the anti-Fas agonist antibody, CH11, confirmed the findings based on GS-BRE (Fig. 9B) . Furthermore, no co-enrichment with the peroxisomal marker, catalase, was detected for BRE, indicating that this protein is not a peroxisomal protein, despite the presence of a putative signaling sequence at the C terminus (29) . No translocation of the cytosolic BRE to nucleus was detected either during apoptotic induction (Fig. 9C) .
DISCUSSION
Here we report identification of a death receptor-associated protein, BRE, that attenuates TNF-␣-and anti-Fas agonist antibody-induced apoptosis by blocking activation of the mitochondrial apoptotic machinery. BRE is a highly conserved and widely expressed protein (28 -30) . We have shown that overexpression of BRE in cell lines reduced apoptotic response to A, co-immunoprecipitation of GS-BRE with phosphorylated proteins from cell lysates of NHGS2 with or without treatment of 100 ng/ml TNF-␣ or 200 ng/ml CH11 for 2 h, using anti-pan-phosphoprotein antibody. The corresponding cell lysates were directly immunoblotted for visualization of the content of GS-BRE. Co-immunoprecipitation of GS-BRE with sumoylated and ubiqitinated proteins was also performed with anti-SUMO-1 and anti-ubiquitin antibodies, respectively, using cell lysates of NHGS2 treated as above. B, cell lysate of the unstimulated GS-BRE transfectant was treated with -protein phosphatase in the presence or absence of sodium vanadate, an inhibitor of phosphatase, or not treated, before being subjected to co-immunoprecipitation analysis using the anti-pan-phosphoprotein antibody. The corresponding cell lysates were directly immunoblotted to ascertain no degradation of GS-BRE by the phosphatase treatment. IP, immunoprecipitation; WB, Western blotting analysis.
death receptor stimuli, TNF-␣ and anti-Fas agonist antibody, as well as to cycloheximide alone, and to the stress stimuli 4-NQO, staurosporine, and etoposide. However, the physiological anti-apoptotic role of BRE is specific to the death receptor stimulation, as reduction in the endogenous BRE expression level by siRNA sensitized apoptosis to TNF-␣ but not to etoposide. Thus, the attenuation of apoptotic response to stress stimuli by overexpressed BRE is likely to reflect the inhibitory action of the excessive BRE not in association with the death receptors. Basal cell survival was not affected by down-regulation of BRE.
Evidence for the mitochondrial apoptotic machinery being the target for the anti-apoptotic action of BRE is provided by the observations that BRE overexpression inhibited the following: 1) the mitochondria-dependent events downstream of tBid in Fas-initiated apoptosis; 2) the etoposide-induced mitochondria-dependent apoptotic pathway; and 3) both the death receptor-and mitochondria-dependent TNF-␣-induced apoptotic pathways in HeLa, the latter pathway has been shown to promote activation of the apical caspase-8 in DISC (18) . Furthermore, the findings of BRE overexpression being able to inhibit apoptosis induced by cycloheximide alone, which has been indicated to activate the mitochondrial apoptotic events (37, 45) , and by stress-related stimuli, 4-NQO, etoposide, and stauroporine, are consistent with the above observations. Down-regulation of cell surface expression of TNF-R1 and Fas by BRE overexpression can be ruled out as flow cytometric analysis of the stable GS-BRE transfectants revealed no shift in the fluorescence profile of the surface staining for these death receptors (supplemental Fig. S1 ). Targeting only the mitochondria-dependent branch of apoptosis by BRE is also consistent with our observation that this protein can only partially inhibit death receptor-mediated apoptosis.
It was shown previously by the yeast two-hybrid assay that BRE binds to the intracellular domain of TNF-R1 but not to Fas (27) . In the same report, interaction between BRE and TNF-R1 within mammalian cells was demonstrated by co-immunoprecipitation of the two proteins ectopically expressed in transfected cells. Here, by using the same co-immunoprecipitation approach, we demonstrated not only association between the ectopically expressed BRE with the endogenous TNF-R1 but also with the endogenous Fas. Although it is possible that the binding between BRE and Fas is indirect, a loose homology (score, 36.0) between the BRE-binding region of TNF-R1 and the corresponding region of Fas, second only to that between the conserved DDs of the two proteins (score, 63.0) as revealed by an online local similarity program SIM (expasy.org/tools/ sim.html), favors direct association of the two proteins. Sitedirected mutagenesis experiments will be required to confirm this point.
We have shown in time course experiments the rapid dissociation of BRE from TNF-R1 within 2 min after treatment with TNF-␣ but no dissociation from Fas within the whole 1-h period after treatment with anti-Fas agonist antibody. This discrepancy could be because of the different initial ways in forming DISC by the two death receptors. Activated Fas recruits FADD to the receptor to form DISC in situ within minutes (46, 47) . Activated TNF-R1, by contrast, recruits TRADD first to form a platform to recruit other adaptor molecules in forming an NF-B-activating complex I. This complex subsequently develops into FADD-and caspase-8-containing DISC (complex II) after detachment from the receptor (41) . BRE may detach together with complex II, which has been shown to form rapidly after receptor stimulation by size exclusion chromatography that showed incorporation of caspase-8 and FADD in a high molecular weight complex within 5 min of the treatment (41) .
Our further demonstration that BRE showed a marked increase in binding with ubiquitinated, sumoylated, and phosphorylated proteins after death receptor stimulation suggests that BRE is involved in post-translational modification of proteins within or interacting with DISC. Recently, BRE was electronically annotated as having a match at its N-terminal region with ubiquitin-conjugating enzymes (www.ebi.ac.uk/interpro/IEntry?ac ϭ IPR010358 (accessed 2 September 2004)). A recent report (48) also shows BRE forms a nuclear multiprotein complex containing BRCA1 and BARD1 and promotes the ubiquitination activity (ubiquitin-ligating enzyme) of the complex. However, unlike BRCA1, which is a tumor suppressor nuclear protein (49, 50) , our subcellular fractionation experiments confirm cytosolic as well as nuclear but not mitochondrial localization of GS-BRE. Our findings also clearly indicate that the majority of BRE is located in the cytosolic compartment. Apoptotic induction induced no translocation of BRE from cytosol to mitochondria nor to the nucleus. Therefore, we hypothesize that the anti-apoptotic role of the cytosolic BRE is independent of its nuclear counterpart and, unlike the Bcl-2 family members, is not dependent on direct targeting of the mitochondria. Rather, the role of BRE in cytosol is to associate with the death receptors. This strategic association allows BRE to react rapidly to receptor ligation and to interact with the proteins within or in close proximity of DISC. Probably by the ubiquitination-like activity of BRE, components that are necessary for activation of the mitochondrial apoptotic machinery are negatively regulated. Although it is well established that Bcl-2 family members are the main players that regulate activation of the mitochondrial apoptotic pathway (51) , concerted actions with a multitude of other proteins are necessary for the activation to occur. It has been shown in some cell lines that caspase-2 and cofilin are also required for the occurrence of mitochondrial apoptotic events (52, 53) . In the case of BRE, the targeted protein required for mitochondrial activation remains to be identified.
In death receptor-induced apoptosis, the mitochondrial apoptotic pathway can be relevant. In TNF-␣-induced apoptosis in HeLa and mouse embryonic fibroblast at least, early mitochondrial efflux of Smac/DIABLO is necessary for the release of DISC-recruited caspase-8 from the inhibition of cellular inhibitors of apoptosis (18) . Full processing of the main executioner caspase-3 may also require cooperation between caspase-8 and the mitochondria-dependent caspase-9 (54). In TRAIL-induced and Fas-induced apoptosis in the Fas type II cells, such as human colon cancer cell line, HCT116, human T leukemia Jurkat cell line, and primary hepatocytes, amplification of the death receptor-initiated apoptotic signal by the mitochondria is necessary for the occurrence of apoptosis (19 -21) . There are also abundant natural examples of viral proteins that can block apoptosis initiated from the death receptors by inhibition at the mitochondria level. These include the viral homologs of the Bcl-2 family, such as BHRF1 and BALF1 of EB virus (55) (56) (57) and E1B 19K of adenovirus (58) . Non-Bcl-2 homologous proteins include vMIA of cytomegalovirus (59), M11L of myxoma virus (60) , and F1L of vaccinia virus (61) . These viral proteins confer immune evasion by preventing apoptosis of the infected cells induced by TNF-␣, FasL, or TRAIL of the host immune system (58, (62) (63) (64) (65) , indicating the importance of cross-talk between the extrinsic and intrinsic pathways in vivo.
In conclusion, we have identified BRE as a death receptorassociated protein, which specifically down-modulates death receptor-mediated apoptosis by inhibiting activation of the mitochondrial apoptotic pathway. This novel cellular mechanism mediates a functional consequence opposite to that of tBid.
